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ABSTRACT 
This thesis will analyze an existing circuit used to measure the conductivity of 
wafers used in the manufacture of silicon wafers. The analysis will include a 
description of the electrical operation of the circuit, the inherent stability of 
the circuit, as well as recommendations for improved temperature 
performance. Circuit equations are derived using both direct analytical 
techniques and computer simulation. These equations will allow the ability to 
alter amplitude and frequency characteristics in a predictable manner. 
I 
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INTRODUCTION 
Many schemes have been developed to measure the conductivity of wafers 
used in the manufacture of silicon wafers. The most common method used is 
that of the familiar 4-point probe.1 However, the 4-point probr.~) method and 
other contacting measurement schemes introduce defects in the surface of the 
wafer being tested. 
Hence, noncontacting methods of conductivity measurement have been 
developed which often employ Q meters or bridges and contact the wafer only 
via magnetic fields. However, many of these methods suffer fr<?m problems 
with linearity, sensitivity, or geometrical constraints.2 One method overcomes 
these problems by introducing the wafer to be measured between two halves 
of a split inductor which is part of an oscillating tank circuit. The power loss 
experienced in the tank circuit can be shown to be directly proportional to the 
conductivity of the material, a.3 Further, when the tank is maintained at a 
constant voltage, the change in tank current is then found to be directly 
proportional to a. That is: 
E, 
IT= K( 2 )at n 
1. Runyan,W.R., Semiconductor Measurements and Instrumentation, pg 84. 
2. Miller, G.L., et.al., Semiconductor Characterization Techniques, pg 3. 
3. Miller, G.L., et.al., RSI 47-7, pg 799. 
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. where, 
IT is the tank rf drive current 
K is a constant involving the coupling parameters of the inductor core 
E, is the tank rf rms voltage 
n is the number of turns of the surrounding inductor 
a is the semiconductor conductivity 
t is the sample thickness 
It can also be shown that, with material of constant thickness such a.s a 
semiconductor wafer, a change in the average current in the tank circuit is 
also proportional to the material's conductivity, without any assumptions of 
the tank circuit's inherent finite resistance. That is: 
(2) 
A circuit utilizing this technique is described in the 1 g76 Review of Scientific 
Instrumentation. However, this circuit was revised by Miller by the time he 
was awarded U.S. Patent 4,286,215 for a circuit which by this time was also 
used for measuring carrier lifetimes. The circuit differed slightly from that 
shown in the earlier magazine article by the removal of several calibration 
adjustments and by the use of fewer components. 
This thesis will analyze the same circuit presented in the above patent with 
the exception of the operational amplifiers used. In a current implementation 
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of this circuit, the two CA3140's have been replaced by 714E's due to their 
overall better performance characteristics. In the following sections, the 
circuit will be partitioned for analysis of the electrical operation of the circuit, 
and the methods of analysis will be described. Then a control system view of 
;<'' 
the circuit will reveal the interplay of the various components. Finally, a 
proposal for improved temperature performance will be presented. 
CffiCUIT DESCRIPTION 
The circuit as analyzed is shown in Figure 1. As mentioned previously, this is 
essentially the circuit from Miller's patent with the exception of upgraded 
operational amplifiers. It is shown partioned into three subcircuits: the 
oscillator - which includes the split inductor used for measurement, the 
feedback control circuit - which maintains a constant voltage on the tank 
circuit, and the measurement integrator - which provides a DC voltage output 
proportional to the conductivity of the wafer being measured. 
Oscillator 
The oscillator subcircuit was analyzed separately using three modifications. 
T~e connection to operationai amplifier XI was replaced with a short to 
ground, and the connection from Q3 to the peak detector Q4 was replaced 
with a 100 Kn load resistor. Also, the input from .. the error integrator X2 to 
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RI = 3.3 l(O 
R2 = 10 KO 
R3 = 47 1(0 
R4 = 100 KO 
RS= 5.6 KO 
R6 = 820 0 
R7 = 1.5 KO 
R8 = 820 0 
R9 = 2.2 KO 
RIO= 1.2 KO 
Rll = 2.7 Kn 
RI2 = 3.3 Kn 
RI3 = 100 l{O 
Rl4 = 1 Mn 
R15 = 47 Kn 
RP= 100 KO 
\Cl= 40 µF 
C2 = .01 µF 
C3 = .01 µF 
C4 = 220 pF 
CS= .001 µF 
C6 = 40 µF 
C7 = 40 µF 
CB= .01 µF 
C9 = 40 µF 
ClO = .001 µF 
CII = .001 µF 
CI2 = 40 µF 
C13 = 470 pF 
LI= lµH 
QI= 2N4416 
Q2 = 2N3904 
Q3 = 2N3904 
Q4 = 2N3906 
DI= 1N4I48 
XI= µA7I4E 
X2 = µA714E 
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- R5 
-
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-
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D1 
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X2 
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Feedback Control -
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V 
R7 ~as replaced with an independent DC voltage source with a value of -5.58 
V, the approximate output value of the integrator at steady state. The 
subcircuit is composed of three parts, from left to right: a unity gain buffer 
(Ql), an amplifier (Q2 and Q3), and the tank circuit (Ll, C4, and C5). 
The unity gain buffer, Ql, prevents loading on the tank circuit. This field 
effect transistor (FET) is configured in a basic source follower configuration 
and capacitively coupled to the next stage .. The positive and negative power 
I 
supplies are decoupled from the transistor via C6 and C7. Note that because 
I 
of the capacitive coupling between Ql and Q2, the circuit can also be stable in 
a non-oscillating mode. Therefore, during circuit simulations, the circuit had 
to be forced into oscillations by applying a voltage spike to the gate of QI. A 
magnified view of the magnitude and phase responses of Ql, using computer 
simulation, is shown in Figure 2. The effects of gate capacitance do not 
become apparent until one reaches a value of approximately I x 107 hz. 
The amplifier section is composed of Q2 and Q3 which form a current steering. 
network, routing emitter current to either ground, via Q2 or to the tank 
circuit, via Q3. Resistors RIO and Rll form a voltage divider to establish Q3's 
bias level. The gain of the section is controlled by the voltage applied to R7. 
A discussion of the actual relationship between control voltage and gain 
follows. 
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FET QI Frequency Response 
' 1 2 
It 
I \ 
i \ 
' 0.5 I \ 1 I \ 
,, 
.?- I ~ I 
J \ \ 
log IVI I ~ .J phase 0 0 .,,.. ..................................... ...-__, ~ 0 
solid .. .... ..... dashed .._.. ...__. 
-0.5 -1 
-1 -2 
1 100 le4 le6 I le8 lelO 
Frequency - log hz 
Figure 2 
The tank circuit is composed of Ll, C4, C5, and RP. Ll is the split inductor 
whose two halves are placed on either side of the wafer under test. The halves 
are enclosed in two specially designed cores which help to direc-t the magnetic 
~'\ 
. "-.) 
field and increase spatial resolution. As was shown in Equation I, the 
measurement sensitivity is inversely proportional to 1 / n 2 , so that the fewest 
number of turns is desired. The measured value of the presently used 
inductor is approximately lµH. 4 
4. Conversation with Professor C.S. Holzinger, January, 1989. 
.I 
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The capacitors C4 and C5 provide the other half of the tank as well as form a 
voltage divider of the tank voltage for the next stage. Together, LI and C4 + 
C5 produce a resonant frequency of approximately 11.94 Mhz. This frequency 
of oscillation is important to the application of the circuit. One constraint in 
t 
the application of the system is that the thickness t of the sample be very 
much smaller than the skin depth, h.5 Miller shows graphically how a decrease 
in tank frequency results in an increase in skin depth 6 for a constant wafer 
resistivity. The skin depth in a good conductor is related to the frequency of 
oscillation by: 
62 = 1 
7r I µa (3) 
Therefore, the wafer thickness and resistivity determine the maximum usable 
frequency. 
RP is a resistor which represents the power dissipation caused by the material 
which has been introduced into the inductor Ll. This power dissipation 
results from eddy currents induced in the material by the changing magnetic 
fields around Ll. A nominal value of 100 KO has been used for most analyses. 
The magnitude and phase response using computer simulation of the 
5. Miller, G.L., et.al., RSI 47-7 ,pg 800 . 
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combined oscillator and tank circuit is shown in Figure 3 (input at CS, output 
at C4/C5). This figure shows that the peak magnitude is slightly greater th-an 
0 dB at the resonant frequency of 11.9 Mhz with the corresponding O O phase 
change required to sustain oscillations. . 
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The entire oscillator subcircuit was then combined and analyzed to determine 
the effect of the feedback voltage on R7 ( designated VF8 ). The results of 
computer simulation are shown in Figure 4. The oscillator circuit is designed 
to operate in the area of linear response around 4.0 V,_,. A linear regression 
in the region of VFB from -4.5 V to -5.8 V shows a linear response ( correlation 
' 
_g_ 
., 
;ri'" 
,I. 
coefficient, r=l.00) of the form: 
v,-p = -21.gg(vFB) - 119.1 {4) 
The other region of operation, from VFB equals -6 V to -13 ·V, is encountered 
as the circuit builds up large oscilla.tions until the capacitors in the feedback 
control circuit charge up. This region shows a less linear response ( correlation 
coefficient, r=.064) of the form: 
V 
p-p 
v,_, = -.I9S(VF8 ) + 10.0 
Oscillator Gain Control 
10 
5 operating point 
0--'-----------...----------1 
-15 -10 
Feedback Voltage 
Figure 4 
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In other words, the change in tank peak voltage from the non-linear re.gion to 
the linear region will be delayed due to the lower feedback gain (i.e .. 198) of 
this region. The figure also shows that there is some latitude to vary the tank 
operating voltage within the same region of operation. 
Feedback Control 
Q_, 
The feedback control subcircuit is composed of two parts, a peak detector 
(Q4) and an error integrator (X2). The peak detector captures and holds the 
negative peak voltage of the tank circuit. This peak voltage, less the forward 
emitter voltage drop of Q4, is deposited onto CIO during each negative cycle 
' of the tank voltage. The voltage is then allowed to decay through R13 with 
time constant, r = R13 · ClO ~ 100 µs. Cll is provided to decouple the 
negative power supply through R12. 
The operational amplifier X2 serves as a combination integrator/adder. The 
output error voltage consists of the integrated combination of the peak voltage 
stored on ClO and a weighted version of the positive power supply. The input 
weighting is accomplished by R13 for the peak voltage and RI4 + RI5 for the 
positive power supply. This weighti11g establishes the desired operating 
voltage of the tank circuit. DI is provided to prevent an excess voltage from 
developing at the inputs of operational amplifier X2. The output of X2 in s 
notation can be shown to be: 
( 
I 
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Vx2 == s+GB[R13 C13 Vcio + (R14+R15) C13 Y+J (6) 
where 
GB is de Gain Bandwidth of Operational Amplifier 
Vc 1o is the voltage across capacitor ClO 
V+ is the Positive Supply Voltage 
This shows that if the operational amplifier were ideal the input signal would 
be integrated with a ,time constant of r = R13 · C13 ~ 4.27 µs. 
Measurement Integrator 
The measurement integrator subcircuit is composed of the output integrator 
{XI). The purpose of the output integrator is to provide a DC output which is 
representative of the average current flowing into the tank circuit (i.e. a 
curre,nt amplifier) which in turn is representative of the wafer sample 
conductivity. This section is composed of an integrator/adder much like "that 
of the previous section. The input to Xl is from the oscillator, through the 
tank circuit and its own internal impedance, and the positive power supply, 
through Rl and R2 with Cl as a decoupling capacitor. DC sta·bilization is 
provided via R3. 
The values of Rl and R2 are chosen to supply most of the current required by 
the tank circuit from the positive power supply. This network supplies a 
-12-
current of Iv+ = R 15 ~ . The remainder of the current required to keep 
1+ 2 
the inverting input of XI at virtual ground is supplied by the feedback 
network of R3 and C2. The output voltage therefore represents this 
additional current and varies with the resistive loading of the tank circuit's 
RP. The output is smoothed (i.e. integrated) with a time constant T = R3 · 
C2 ~ 470 µs. 
CffiCUIT SIMULATION 
·-· J 
This section will digress from the previous circuit descriptions to provide a 
'~¥ 
summary of the analysis tools and techniques used. First, the models used will 
be described. Then, the method for achieving specific DC outputs will be 
presented. 
A circuit simulator called ADVICE (Accurate Design Verification for 
Integrated Circuit Engineering) was used for all simulations described in this 
paper. ADVICE is the AT&T-Bell Laboratories derivative of SPICE and uses 
essentially the same input/output formats. 
Figure 5 shows the model used for operational amplifiers in these analyses 
which was based mainly on a macromodel presented in the IEEE Journal of 
Solid-State Circuits by G.R. Boyle, et. al. · This model provides modeling of 
-13-
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several input and output characteristics (e.g. C:rvtRR, lsc, Rout, etc.) and is 
much like other models currently in publication. The parameters used for the 
operational amplifiers were derived using typical values for the Fairchild 
I, 
µA714E. The library files as well as all circuit descriptions will be provided to 
Professor C.S. Holzinger, Lehigh University. 
12.37K 
-l.811I( 
54.811'1 
r 
Ve 
\ 
v+ 
12.37I( 
-1.811!{ 
Dp 
3.649µ 
V-
Operational Amplifier Model 
/31=1.257K 
/3 2 = 1. g 1 g J( 
57 .23p Ve lOOI( 
-----·- -~-~ ~ 
12.02!( 80.86µ V c 
/'-71 
21.45p 
_!_( V V 9. 702µ 
2 + + -) 
Figure 5 
V+ 
25 
2.2V 
De 
/ Vout 
De 
2.2V 
103. ll( V-
The bipolar transistors were modeled using the ADVICE version of the 
Gummel-Poon model and used parameters supplied by Professor Holzinger. 
The DC transfer characteristics of the peak detector section were obtained 
using an ideal operational amplifier to force a desired output condition, as 
shown in Figure 6. The output of the section under analysis was connected to 
the inverting input of an ideal operational amplifier with gain equal to 1 x 106 • 
-14-
The output of the operational amplifier was fed back to the input of the 
circuit through a 10 1(0 feedback resistor to allow easier convergence of tl1e. 
circuit. The noninverting input was then tied to the desired output voltage 
(i.e. 0.0 V). The operational amplifier then amplifies the difference between 
the inverting and non-inverting inputs until an output voltage approximating 
the desired output level is reached (the accuracy of the final output voltage 
level depends upon the gain of the ideal operational amplifier). 
The desired measurement was then taken at the input of the circuit under 
test. This resulted in a convenient means for maintaining a constant DC 
.. - ....,. 
output level while varying both circuit parameters and cpnditions as will be 
shown in the temperature analysis of the next section. The method described 
could also be useful for analyzing other DC non-inverting circuits. 
DC Forced Output 1"'echnique 
R 
Output 
Circuit 
Elements 
Under 
Test 
Figure 6 
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CONTROL SYSTEM ANALYSIS 
The subcircuits were next combined to yield a control system solution of the 
circuit's operation, as shown in Figure 7. The steady state solution and step 
response of the circuit will be presented and then a recommendation for 
improved circuit performance will be made. 
Control System Description 
error integrator oscillator peak detector 
. . 
. . . . . 
• .. . • ·~ • e e e •• • e. ,t e .•• e• 4 .•• e 4 e e • ,:) 4 • e 4 • 4 t • 4 • 4 • • e • • • • 6 e • • .4 •· • a•.•· a ·a • a 4 a • a 4 .e a, e a a a a a a a a a a a a a a a a 4 a a a a a a a a a a a • a a a a a a a a t a a I t a a a a a a a a t a a a t a. a a 
Figure 7 
Figure 7 shows three inputs into the oscillator: ~/s V representing a step 
' 
transient into the system, such' as inserting a wafer into the inductor, -119.1/s 
V representing a constant offset to the gain of the oscillator (see Equation 4), 
and E', the output of the error integrator weighted by GFB (i.e. -21.99), the 
feedback gain at steady state. Note that a different constant offset and 
feedback gain exist at start-up as given in Equation 5. The three inputs are 
-16-
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·added together and represent the tank circuit peak-to-peak voltage y. 
The voltage y then passes through a symbolic block that converts the peak-
.( 
to-peak voltage to the negative peak voltage, y ', by multiplying the sum by 
-.5 VoltsP 1/Voltsp-p· 
In the next stage, .6/s V is added to y' to produce y ''. This represents the 
forward emitter voltage drop across Q4, the peak detector. 
In the next stage, on the far left, a weighted version of the positive power 
supply is added to y '', producing the error signal E. The weighting factor of 
R13 
the power supply can be shown to be R R . The error signal is then 
· 14 + 15 
;< 
integrated via the error integrator X2 to produce the feedback signal, E'. This 
feedback signal then controls the gain of the amplifier. 
The system can now be represented by two equations: 
C 
1 y(s) = (~-119.7)- - 21.99E' 
s 
(7) 
I • 
E '( s) == - _!_ G~B (-10.6k(y) + 43.2k ) 
s s+ s 
(8) 
'· 
Combining the two equations and solving for the peak-to-peak oscillator 
-17-
voltage y(s} yields: 
(.6.-119.7)(s+ GB) + 950K( GB) 
y ( 8 ) = --s-2+_(_G_B-)s_+_(_G_B-)2-34_K_s_ 
which becomes in the time domain: 
\ 
J 
where R 1 and R 2 are the roots of the denominator in Equation 9: 
-Ri _ -GB2 + VGB-4(234K)GB 
2 
-R
2
=_-_G_B_2_-__ V_G_B_-_4_(_23_4_K~)G_B_ 
2 
Substituting 600K for the value of GB yields: 
_, -t 
y(t) == {~-119.7)(1.08e a.goµ - .0767e ·284µ) 
-t -t 
+ 4.07 [ 1 - (1.08e g_ggµ - .0767 e ·284µ )] 
{9) 
.·-.. 
(Ila) 
(llb) 
(12) 
This shows that the operational amplifier's gain bandwidth has had the effect 
of producing two poles in the output. As the gain bandwidth product 
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approaches infinity (i.e. ideal), the first exponential term approaches unity 
gain with a time constant of R I 3 CI3 , while the second exponential term 
.5GFB 
decreases in magnitude and displays a rapidly increasing time constant . 
Futth~r, y is seen to approach the steady state value of: 
RI3 
y 88 = y ( t-+ 00 ) = 2 . ( 15 + . 6) VP - p ( 13) 
R14+RI5 
Thus, the tank voltage is controlled by the supply voltage, the ratio of the 
error integrator input resistors, and the forward emitter voltage drop across 
Q4. Equation 12 also shows that the system will respond to input transients 
with the same decaying exponentials. 
As can be seen from Equation ly,-the tank circuit voltage, and thus the 
.-
__ ............ ;,,#' 
current through the tank, is dependent upon only three variables. Since the 
power supply is highly reg11lated, and the ratio of two carbon resistors is 
independent of temperature, attention focuses on the forward emitter voltage 
drop ac~os~/)Q4. The change in this voltage drop with temperature .can be 
shown to be:6 
-
3k 
q 
{14) 
6 . . Hodges, D.A. and&H.G. Jackson, Analysis and Design of Digital Integrated Circuits, pp 160-
161. 
-IQ-
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,/ 
where: 
k is the constant 1.38 x 10- 23 J/ ° K 
q is the constant 1.6 x 10-ig c 
. ' 
Vgo is the band gap voltage ( ~ 1.11 V for Si at 300 ° K ) 
Substituting a nominal value of .6 V for VQ 4 yields: 
dy88 o [ dT lT- 27 ·c = -3.94m V / C 
) 
) , / 
( 
{15) 
This equates to roughly 1 %/10 ° C at a tank voltage of 4.07 Vp-p• In order to 
reduce this temperature effect without changing the tank AC operating · 
voltage, the positive power supply can be used to cancel the temperature 
effect of Q4. This voltage can be applied to X2 through a transistor, Q5, 
matched to Q4, with the same input weighting. Figure 8 shows such a circuit. 
The component values were chosen by first assuming equal weighting of the 
two inputs (i.e. 100 KO) and then choosing a bias circuit of [R20, R21] = [1 
KO, 6.8 KO] to produce the desired output. The voltage temperature 
variation was then found to be approximately +.353 mV / ° C. Next, the 
weighting resistor of Q5 was changed to 118 KO and the bias circuit 
recalculated to be [1 KO, 5.9 KO] to realign the output voltage. 
A comparison of the temperature response of the original circuit compared 
with the final modified circuit of Figure 8 is shown in Figure Q. The 
-20-
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Revised Peak Detector 
15V 15V 
l 
R21 
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-R13 = 100 KO - 013 
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R20 R20 = 1 I(O ~ -
R21 = 5.9 I(O ;,,{ < Rl4 I,. 
R22 = 3.3 1(0 -
-ClO = .001 µ, 
CI2 == 40 11F Feedback Control 
R13 . ., Cl3 = 470 pF ' . Output 
Q4 = 2N3906 X2 
Q5 = 2N3904 
X2 == JLA714E -
. I ClO 
-RI2 -
-15V 
Figure 8 
comparison shows a red·uction of the predicted temperature variability from 
-1.95 mV/ ° C to 5.30 JtV/ ° C with the addition of only three components. Of 
course, the component values would have to be calculated for any specific 
circuit with precision components in order to achieve these results in the field. 
Still, component values close to those indicated should yield substantial 
improvements in the temperature sensitivity of the entire circuit. In 
particular, the ratio of R14/R13 would have to be close to 1.18 and a value of 
R21 picked to give the desired oscillator voltage. 
-21-
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An experimental circuit like that shown in Figure 8 was constructed and 
tested at several temperatures. The circuit differed from that shown in Figure 
8 in that the ± 15 V power supplies were replaced with ± 12 V supplies and 
the operational amplifier was replaced with a 714-type configured in the 
feedback loop shown in Figure 6. The circuit was also tested with the original 
resistor network for comparison. 
The experimental results showed an improvement in temperature variability 
from -1.35 mV/°C to +51.1 µV/°C. Note that the values for the original 
circuit show an overall decrease in magnitude due to the lower supply voltage. 
Still, the proposed modification shows a significant improvement in circuit 
-22-
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temperature performance. 
SUMMARY 
This thesis has derived several expressions for the various subcircuits of 
Miller's wafer conductivity measurement circuit using both hand analysis and 
computer simulation. A control system model was then presented showing the 
effect of different components on the overall operation of the circuit. Finally, 
a recommendation was presented which should help to stabilize the tank 
circuit operating voltage with changes in temperature by the addition of three 
new components. 
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